Hypercholesterolemia is a major risk factor for erectile dysfunction. To understand the mechanism(s) of hypercholesterolemia-induced erectile dysfunction, we studied the effect of lysophosphatidylcholine (LPC) on the membrane conductance of corporal smooth muscle cells. We used cultured human corporal smooth muscle cells. The intracelluar Ca 2 þ concentration ([Ca 2 þ ] i ) and the influx of divalent cation was monitored by the ratio of fura-2 fluorescence (F 340/380 ) and by the Mn 2 þ -induced quenching rate of fura-2, respectively. The LPC-induced membrane current was characterized by the whole-cell patch-clamp technique and the molecular identity of suspected channels was probed by RT-PCR. LPC (20 lM) induced a statistically significant increase in F 340/380 to 119.973.9% of initial control (n ¼ 6) in corporal smooth muscle cells. The addition of 20 lM LPC accelerated the quenching rate of F 360 by 59.5711.8% (n ¼ 5). LPC activated nonselective cationic current (I LPC ), similar to the known effects of phenylephrine in corporal myocytes. The size of I LPC at À60 mV was À55.376.3 pA (n ¼ 8). The transcript of transient receptor potential channel 6 (TRPC6) was detected in human corporal myocytes. We also found one splicing variant of TRPC6, TRPC6a. In conclusion, the present study suggests that the LPC, a major component of oxidized lowdensity lipoprotiens, increases calcium in corporal smooth muscle cells probably through activation of a TRPC6 channel and the increased [Ca 2 þ ] i by LPC via TRP channels is one of mechanisms for hypercholesterolemia-induced erectile dysfunction.
Introduction
The vascular risk factors such as hypertension, smoking, hypercholesterolemia and atherosclerosis are major causes of erectile dysfunction (ED). Every mmol/l increase in total cholesterol level is associated with a 1.32 times higher risk of erectile dysfunction in men. 1 Previous studies have demonstrated that hypercholesterolemia in the New Zealand white rabbit reduces both endotheliumdependent and -independent relaxation of the corpus cavernosum. 2, 3 Prolonged hypercholesterolemia also induces morphological changes in the corporal smooth muscle. 4 Low-density lipoproteins (LDL), the major carriers of cholesterol in the blood, are known to be of primary importance in the development of atherosclerosis. It has been reported that the oxidized LDL (ox-LDL) inhibits endothelium-dependent and -independent relaxation of blood vessels and causes contraction of arterial smooth muscles. 5, 6 Lysophosphatidylcholine (LPC) is a major component of ox-LDL and important in the development of atherosclerosis. 7 Decreased penile vascular resistance induced by corporal smooth muscles relaxation is the most essential step in penile erection; the balance between the degrees of contraction and of relaxation changes dynamically in the erectile and flaccid processes. Thus, a pathologic condition that hinders the relaxation of corporal smooth muscles causes heightened tone of the corporal smooth muscles, resulting in erectile dysfunction. 8 The modulation of corporal smooth muscles tone is a complex process requiring the integration of a host of intracellular events and extracellular signals. Among the intracellular events, concerted actions of various ion channels play major roles. 9, 10 Although the impairment of relaxation in hypercholesterolemia has been previously documented, 2,3 the direct effects on corporal smooth muscle cell have not been fully evaluated. Recently, it has been widely reported that various families of the transient receptor potential (trp) genes encode the nonselective cation channel (NSCC) currents that can be activated by signaling from membrane receptors. 11 For example, TRPC6 was suggested as a molecular candidate for NSCC in vascular smooth muscle cells. In fact, the characteristics of NSCC current recorded in human corporal myocyte were similar to that of current recorded in TRPC6 gene expressed HEK cell in our laboratory. 12 The present authors hypothesize that the LPC, a major component of ox-LDL, causes contractile effects via activating Ca 2 þ -permeable channels in coporal myocytes and subsequent increase in intracellular calcium concentration ([Ca 2 þ ] i ). To prove the above hypothesis, the whole-cell patch-clamp and fura-2 fluorimetry were performed with isolated, cultured human corporal smooth muscle cells.
Materials and methods

Explant cell cultures
All studies were performed according to a protocol approved by the Internal Review Board. Human erectile tissue was obtained from the corpus cavernosum of patients undergoing surgery for implantation of penile prostheses or penectomy for penile cancer. Homogeneous explant cell cultures of human corporal smooth muscle cells were prepared as previously described. 13 Briefly, radial sections approximately 3 Â 3 Â 10 mm 3 were excised from the mid-penile shaft of each patient; these specimens consisted exclusively of smooth muscle, endothelium and connective tissue, with occasional nerve fibers. The tissue was washed, cut into 1-2-mm pieces, and placed in tissue culture dishes with a minimal volume of Dulbecco's medium (DME; GIBCO) with 20% fetal calf serum (FCS). After the tissue was allowed to attach to the plate (usually 1-2 days), additional medium was added. Smooth muscle cells migrated from the explant and underwent division. Cells were subsequently detached using a trypsin/ethylenediaminetetraacetic acid (EDTA) protocol to establish secondary cultures from the explants.
Intracelluar Ca 2 þ measurement
The cultured corporal myocytes were loaded with acetoxymethyl ester form of fura-2 (2 mM) in Tyrode's solution for 30 min at room temperature and then washed with fresh solution. The recording of [Ca 2 þ ] i was performed with a microfluorimetric system consisting of an inverted fluorescence microscope (Olympus IX-70, Japan) with a dry-type fluorescence objective lens ( Â 40, NA 0.85), a photomultiplier tube (type R 1527, Hamamatsu, Japan) and Deltascan illuminator (Photon Technology International Inc., USA). Light was provided by a 75-W xenon lamp (Ushino, Japan) and a chopper wheel alternated the light path to monochromators (340 and 380 nm) with a frequency of 5 Hz, and intensity of emitted light at 510 nm was measured. As a measure of [Ca 2 þ ] i the fluorescence emission ratio at 340/380 nm excitation (F 340/380 ) is presented. The measurements were performed in the presence of L-type calcium channel blocker, nifedipine (1 mM).
Mn 2 þ quenching experiment
For this experiment, the fluorescence was monitored in a stirred quartz-microcubette (1 ml) in the thermostated cell holder of the fluorescence spectrophotometer (CAF-110, Jasco, Japan) at the wavelengths of 360 nm (excitation) and 510 nm (emission). At the isobestic wavelength of 360 nm, the fura-2 fluorescence intensity is not influenced by [Ca 2 þ ] c changes. Mn 2 þ has been shown to quench fura-2 after binding to the dye. The slope of fura-2 fluorescence quenching trace at 360 nm in the presence of Mn 2 þ is therefore regarded as an index of divalent cation influx.
14 Experiments were carried out by adding 0.3 mM MnCl 2 in Ca 2 þ -free medium that excludes Ca 2 þ competition for the divalent cation entry pathway and enhances the observed fluorescence quenching resulting from Mn 2 þ entry. Following the measurement of basal Mn 2 þ entry, 10 mM ionomycin was added to reveal maximum quenching and for the conversion of fluorescence intensity into normalized percent scale. The measurements were performed in the presence of L-type calcium channel blocker, nifedipine (1 mM).
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Electrophysiological recordings
The whole-cell configuration of the patch-clamp technique was used as previously described. 13 The voltage-clamp experiments were performed by applying both ramp pulses and step pulses. The liquid junctional potential between the pipette solution and Tyrode solution was only about 3 mV, and it was not corrected. Series resistance (about 6-10 MO) and capacitative currents were also not compensated, because the cell size and measured currents were relatively small. In each experiment, whole-cell configuration was not made until the seal resistance became larger than 5 GO.
The membrane capacitance was determined from the current amplitude elicited in response to hyperpolarizing voltage ramp pulses from a holding potential (HP) of 0 to À5 mV (duration 25 ms at 0.2 V/s); this procedure avoided interference by any time-dependent ionic currents. Average cell capacitance was 35.372.6 pF (n ¼ 44).
RNA preparation and reverse transcriptionpolymerase chain reaction analysis (RT-PCR)
RT-PCR was performed from cultured human corporal smooth muscles as previously described. 13 The reaction occurred in a Perkin-Elmer Thermal Cycler under the following conditions: an initial denaturation at 941C for 5 min, followed by 40 cycles at 941C for 30 s, 501C for 30 s, 721C for 30 s, with a final extension step at 721C for 7 min. Five microliters of the first-round PCR product were then added to a new reaction mixture containing all the components listed above except for second sense and antisense primers (20 mM), and 40 additional cycles of PCR were then performed. PCR products were separated by 2% agarose gel electrophoresis and visualized under ultraviolet light. The sets of primers for TRP6 were predicted to yield TRP6N (533 bp) and TRP6C (668 bp) products, respectively. Two sets of negative control experiments were performed by including primers, but no cDNA, or by including primers with RNA that had not been reverse transcribed (no reverse transcriptase added). Primers were designed as described previously 13 and are shown in Table 1 . The oligonucleotides were synthesized by Bionics, Seoul, Korea.
Drugs and solutions
The composition of the physiological salt solution was as follows (in mM): 135 NaCl, 
. L-a-Lysophosphatidylcholine, lauroyl was prepared daily as 100 mM stock solution in ethanol. Dilution of the stock solution was made immediately before use. All chemicals and drugs were purchased from Sigma (St Louis, MI, USA) except acetoxymethyl (AM) form of fura-2 (Molecular Probes, USA).
Data analysis
The data are expressed as mean7s.e.m. Paired data were analyzed by Student's t-test. Significance was established at Po0.05.
Results
Effect of LPC on intracellular free Ca
The fluorescence ratio (F 340/380 ) of fura-2 loaded in corporal myocyte was measured as described (see 
Effect of LPC on nonselective cation current
In order to elucidate the mechanism and details of increased Ca 2 þ influx by LPC, whole-cell patchclamp recordings were performed in corporal smooth muscle. In cultured corporal smooth muscle cells, however, voltage-operated calcium currents were not elicited by depolarizing pulses (n ¼ 12), which we interpreted as a spontaneous disappearance of voltage-operated Ca 2 þ channels during the cell culture procedure. Another possible source of Ca 2 þ influx is the NSCC permeable to external calcium ions. It was reported that a 1 -adrenoceptor activates NSCCs permeable to Ca 2 þ in rabbit portal Lysophosphatidylcholine and calcium mobilization I So et al veins. [15] [16] [17] Since penile corporal myocytes also belong to the group of vascular smooth muscle cells, we examined whether similar NSCC current is elicited by PE, a 1 -adrenoceptor agonist.
To record the NSCC currents, excluding K þ channel currents, the whole-cell patch-clamp was performed under the symmetrical 140 mM Cs þ conditions. When the external solution was changed to 140 mM CsCl solution at a holding potential of À60 mV, an inward current was developed. The amplitude of current in basal states (hereafter called background current) was À32.974.0 pA at À60 mV (n ¼ 11). The background current was completely abolished when the extracellular monovalent cations were replaced with 140 mM NMDG (n ¼ 8).
When PE was added to the CsCl bath solution, the tonic inward current was increased to À50.777.7 pA at À60 mV (n ¼ 9). The PE-induced inward current was blocked by the application of 1 mM La 3 þ , a nonspecific blocker of cation channels. To obtain the current-voltage (I-V) relationship, ramp pulses from À100 to 100 mV for 1800 ms from a holding potential of À60 mV were applied. The I-V relationship of PE-induced current obtained under the symmetrical CsCl condition was basically linear with a weak outward rectification at membrane voltages above þ 50 mV. The I-V relationship of PE-induced current was linear with outward rectification at the positive potential than þ 50 mV and which was similar to the results of the previous report. 15 The PE-induced current was also suppressed by replacing extracellular monovalent cations with 140 mM NMDG, indicating the activation of NSCC.
Next, it was examined whether ET-1 exerts an influence on the NSCC in corporal myocytes. When ET-1 was applied, a similar inward current was activated at a holding potential of À60 mV (Figure 3) . The I-V relationship of ET-1-induced current was obtained by subtracting control current from the one recorded in the presence of ET-1. ET-1-induced current was activated in a dose-dependent manner. The I-V relationship of ET-1-induced current was similar to that of PE-induced current. The degree of activation of ET-1-induced current was 25.574.5% (n ¼ 5) at 1 nM ET-1, 98.8726.0% (n ¼ 5) at 10 nM ET-1 and 216.0772.4% (n ¼ 5) at 100 nM ET-1. The ET-1-induced current was also sensitively blocked when the monovalent cations were replaced with 140 mM NMDG.
Intriguingly, a bath application of LPC (10 mM) also evoked NSCC current, similar to the response to PE (Figure 4) . The I-V relationship of LPC-induced current (I LPC ) was obtained by subtracting control Lysophosphatidylcholine and calcium mobilization I So et al current from the current in the presence of LPC. The linear I-V curve with weak outward rectification of I LPC was similar to that of PE-induced current. Moreover, the maximal amplitude of the I LPC (À55.376.3 pA at À60 mV, n ¼ 8) was similar to or slightly larger than that of PE-induced current (À48.277.3 pA, n ¼ 11). The I LPC decreased when the monovalent cations were replaced with 140 mM NMDG and blocked by La 3 þ in a dose-dependent manner. The inhibitions of LPC-induced current were 4.774.7% (n ¼ 3) at 10 mM La 3 þ , 52.1711.9% (n ¼ 3) at 100 mM La 3 þ and 139.9723.9% (n ¼ 3) at 1 mM La 3 þ ( Figure 5 ).
Existence of TRPC6 with RT-PCR
Above results from the human penile corporal myocytes strongly suggest that PE, ET-1 and LPC commonly activate NSCCs that might provide a Ca 2 þ -influx pathway relevant to increased contractile tone.
The present experimental findings and the known properties of TRPCs lead us to test whether TRPC6 is expressed in human corporal smooth muscle cells.
Three types of TRPC6, TRPC6A, B and C were known in the rat. 18 TRPC6A was cloned from the rat lung, whereas TRPCB and C were cloned from PC12 cells. The RT-PCR analysis was performed with designed primers to detect TRPC6 and alternative splicing forms (see Table 1 ). Although three types of TRPC6 were known in the rat, only TRPC6A was detected in human corporal smooth muscle cells ( Figure 6 ).
Discussion
The present study demonstrates that the LPC, a major component of ox-LDL, might cause procontractile effects on corporeal smooth muscle cells. Some studies report that hypercholesterolemia inhibits endothelium-independent relaxation, while others have shown that hypercholesterolemia inhibited only endothelium-dependent relaxation. 2, 3 Ahn et al 2 reported that the activity of ox-LDL in corpus cavernosum tissue appeared independent of endothelial function or the nitric oxide/cGMP pathway and the procontractile effects of ox-LDL in the corpus cavernosum tissue may be the consequence 19, 20 To date, however, there is no report about ox-LDL effect in corporal smooth muscle preparation. In our study, we showed that LPC increased [Ca 2 þ ] i and Ca 2 þ influx in isolated myocytes, suggesting that the procontractile action of LPC could be endothelium independent. Besides known mechanisms of reduced sarco/endoplasmic reticulum Ca 2 þ pump in hypercholesterolemia, increased Ca 2 þ influx into the cytoplasm might account for the increased contractility of corporal smooth muscle cells.
The amplitude, I-V relation and the La 3 þ sensitivity of I LPC of corporal myocytes were similar to those of NSCC current activated by the stimulation of a 1 -adrenoceptors. The present authors suppose that the activation of I LPC in smooth muscle cells would facilitate Ca 2 þ influx by a dual mode of action: (1) facilitating the activation of voltageoperated Ca 2 þ channels (VOCCs) via membrane depolarization and (2) direct permeation of Ca 2 þ through NSCCs. Although the VOCCs disappear in the process of cell culture, it is well documented that the native coporal myocytes are equipped with L-type VOCCs. 21 Considering the reversal potential of NSCC in the physiological condition, I LPC would inevitably induce a membrane depolarization that leads to the activation of VOCCs. In addition, the receptor-operated NSCCs by themselves could also provide a pathway for Ca 2 þ influx. Although the relative permeability to Ca 2 þ over the monovalent cation (eg Na þ ) is low, NSCCs allow a slow but tonic influx of Ca 2 þ as has been demonstrated in gastric myocytes. 22 The increased Ca 2 þ permeability observed in this study suggests that a similar mechanism might operate in the penile smooth muscle cells of humans.
In rabbit coronary arterial cell, LPC modulates background NSCC, which regulates membrane potential. 19 LPC also increased capacitative calcium entry and [Ca 2 þ ] i . The increase in [Ca 2 þ ] i was inhibited by 0.5 mM La 3 þ . However, the I/V curve of NSCC in rabbit coronary artery was linear, which was not exactly same as the property of I LPC in human corporal smooth muscle cells. Thus, it is speculated that the molecular nature of LPC activates NSCCs might be different depending upon the species (rabbit or human) or tissues (coronary artery or corpus carvernosum).
The transient receptor potential (trp) locus is named based on the transient, rather than sustained, response to light in the mutant flies. The identification of the trp gene product as a Ca 2 þ permeable ion channel, and the subsequent search for TRP homologues in flies, worms and mammals has established a superfamily of membrane proteins, including more than 20 in humans, 23 that comprise cation channels. Lysophosphatidylcholine and calcium mobilization I So et al Mammalian TRP-related proteins are classified into three subfamilies: members of the TRPC (C for canonical or classical) subfamily display the highest homology to Drosophila TRP, members of the TRPV subfamily (V for vanilloid) are most closely related to the vanilloid receptor 1 (TRPV1) and members of the TRPM subfamily are highly homologous to the tumor suppressor melastatin (now TRPM1). Two other subfamilies (TRPP and TRPML) which include PKD2 and mucolipin, respectively are also conserved throughout animal phylogeny, but are more distantly related to TRP.
Originally, members of the TRPC subfamily were thought to open predominantly through activation of phospholipase C subtype (PLC) and G-proteincoupled receptors (GPCR), which generate inositol (1, 4, 5) triphosphate and diacylglycerol (DAG). 24 In Drosophila, light activates rhodopsin (GPCR), which in turn activates PLC. However, it turned out that some TRP channels were also gated by DAG itself, which implies a broader functional role than receptor-activated Ca 2 þ entry channels. Nevertheless, members of TRPC subfamily became molecular candidates for Ca 2 þ permeable cation channels activated by GPCR in vascular and visceral smooth muscle cells. In portal vein myocytes, TRPC6 was suggested as a molecular candidate for Ca 2 þ -permeable cation channel activated by a 1 -adrenoceptor.
The erection depends upon the delicate balance between vasoconstriction and vasorelaxation. Vasoconstrictors like arginine vasopressin, epinephrine or endothelin, might induce vasoconstriction by activating TRPC channels in vessels, even in corporal smooth muscle cells. Increased activity of TRPC channels by vasoconstrictor will cause vascular tone to increase and induce erectile dysfunction.
The molecular candidate for NSCC activated by LPC seems to be TRPC channels. The I-V relationship of LPC-induced current suggests TRPC6 as a candidate. TRPC6 mRNA was also detected with RT-PCR. Recent evidence suggests that two cloned orphan GPCR, GPR4 and G2A may be specific LPC receptors in immune and tumor cells. 25, 26 TRPC6 was suggested as a molecular candidate for NSCC activated by GPCR in vascular smooth muscle cells. 15, 27 TRPC6 is also a candidate channel involved in receptor-stimulated cation currents in A7r5 smooth muscle cells. 27 In human corporal smooth muscle cells, LPC might also bind to GPCR, GPR4 or G2A, and activate TRPC6. However, Which G proteins are involved and which activation mechanisms are involved are not certain.
Conclusions
The LPC, a major component of ox-LDL, increases [Ca 2 þ ] i human corporal myocytes, probably due to the activation of NSCCs that are also activated by alpha-adrenergic stimulation or endothelin receptors in the same myocytes. Permeation of Ca 2 þ via NSCCs is suspected and the RT-PCR analysis shows the presence of TRPC6 transcripts, recently known candidates of receptor-operated NSCCs in other vascular myocytes. Our results suggest that the activation of NSCC by LPC might be one of the mechanisms in hypercholesterolemia-induced relaxation abnormality and ED.
